Summary A novel approach to the study of hepatic glycogen kinetics and fractional gluconeogenesis in vivo is described. Ten healthy female subjects were fed an isocaloric diet containing 55 % carbohydrate energy with a ~3C abundance of 1.083 atom percent for a 3-day baseline period; then, a diet of similar composition, but providing carbohydrate with a 13C abundance of 1.093 atom percent was started and continued for 5 days. Resting respiratory gas exchanges, urinary nitrogen excretion, breath 13CO 2 and plasma ~3C glucose were measured every morning in the fasting state. The enrichment in ~aC of hepatic glycogen was calculated from these measured data. ~3C glycogen enrichment increased after switching to a 13C enriched carbohydrate diet, and was identical to the 13C enrichment of dietary carbohydrates after 3 days. The time required to renew 50 % of hepatic glycogen, as determined from the kinetics of 13C glycogen enrichment, was 18.9 + 3.6 h. Fractional gluconeogenesis, as determined from the difference between the enrichments of glucose oxidized originating from hepatic glycogen and plasma glucose ~3C was 50.8 + 5.3 %. This non-invasive method will allow the study of hepatic glycogen metabolism in insulin-resistant patients. [Diabetologia (1994) 37: 517-523] 
methodological considerations. Firstly, the multiplicity of gluconeogenic precursors (glycerol, lactate, amino acids) makes it difficult to obtain an estimate of total gluconeogenesis by administering labelled precursors. Secondly, dilution of labelled precursors due to equilibration of oxaloacetate arising from pyruvate carboxylation with oxaloacetate oxidized in the tricarboxylic acid cycle leads to an underestimation of gluconeogenesis unless correction factors are introduced [3] ; such correction factors will depend on the relative rates of the phosphoenolpyruvate and tricarboxylic acid cycles and may vary acutely when experimental conditions are changed. An approach based on the administration of labelled acetate to determine the specific activity of phosphoenolpyruvate, the immediate precursor pool of glucose, has been designed to overcome this problem [4] . This approach has however recently been challenged on theoretical grounds [5] and on the basis of experimental data [6] . Thirdly, hepatic delivery of infused, labelled, gluconeogenic precursors may vary during experiments due to variations in hepatic blood flow [7] [8] [9] ; this may lead to variations in specific activity or isotopic enrichment of gluconeogenic precursors in hepatic cells.
A substantial part of carbohydrate ingested with a mixed meal is temporarily stored as hepatic glycogen to be subsequently released during interprandial periods [10] . In addition, it has been recently observed using in vivo 13C nuclear magnetic resonance spectroscopy that simultaneous glycogen synthesis and breakdown occurs in rat livers [11] . The rate of hepatic glycogen synthesis is likely to play a role in the regulation of postprandial glycaemia since an inherited defect in hepatic glycogen synthase is associated with fasting hypoglycaemia and impaired glucose tolerance after carbohydrate loading [12, 13] . The effects of alterations of hepatic glycogen metabolism on glucose tolerance have however not been studied in man due to the absence of a method allowing the assessment of hepatic glycogen kinetics in vivo.
In this study, a non-invasive method was developed to obtain estimates of 1) the contribution of gluconeogenesis to total endogenous glucose production and 2) the rate of hepatic glycogen renewal in healthy female subjects during standard living conditions. This method is based on simultaneous monitoring of resting respiratory gas exchanges and determination of breath 13CO2
and plasma 13C glucose under post-absorptive conditions during several days following initiation of a diet containing naturally labelled carbohydrates. Results are the mean + SD of four determinations abundance (Table 1) . During the second period (day0 at 18.00 hours to day 5 at 07.00 hours), subjects were fed the major part of their carbohydrates from plants which use the C4 photosynthetic pathway, i.e. naturally ~3C enriched carbohydrates (Table 1) . Respiratory gas exchanges, urinary nitrogen excretion and breath 13CO2 were measured every morning from day 0 to day 5 in the postabsorptive state under resting conditions after an overnight fast. A plasma sample was taken each morning from day 0 to day 5 for determination of plasma 13C glucose enrichment.
Subjects and methods

Subjects
Indirect calorimetry
Respiratory gas exchange monitoring was performed using a canopy ventilated at about 401/min [16] . Fractions of CO2 and O2 were measured at the inlet and the outlet of the canopy using an infrared paramagnetic carbon dioxide analyser (Uras 2T; Hartmann and Braun, Frankfurt, Germany), and a thermomagnetic oxygen analyser (Magnus T2; Hartmann and Braun). Air flow was measured at the outlet of the canopy by a pneumotachygraph (digital pneumotachygraph model 47303A; HewlettPackard, Palo Alto, Calif., USA). Urine was collected between 06.13(I-09.00 hours for determination of the urinary nitrogen excretion rate [17] . Substrate oxidation rates were calculated using the equations of Livesey and Elia [18] .
Ten female volunteers participated in the study. They were all in good physical condition, had no family history of diabetes, and were not taking any medication. Body composition was assessed using skinfold thickness measurement [14] . Their mean age was 24 years (range 21-28), body weight 54.9 kg (49.2-63.9), height 164 cm (153-171), and percent body fat 25.6 (18.2-31.4). The experimental protocol was approved by the Ethical Committee of Lausanne University, School of Medicine, and the subjects gave their informed written consent before entering the study.
Study design
The experimental study was performed for 9 consecutive days. During this period, the subjects were fed an isocaloric diet containing 55% carbohydrate energy, 30% fat, 15% protein as three meals at 08.00, 12.00, 20.00 hours and two snacks at 10.00 and 16.00 hours. Resting metabolic rate was estimated from fat free mass determination using the equation of Weinsier et al. [15] . Total 24-h energy requirement was adjusted to the usual physical activity estimated from an interview. The experimental study was divided into two periods. During period 1 (day -3 at 07.00 hours to day 0 at 18.00 hours), subjects were fed the major part of their carbohydrate from plants which use the C3 photosynthetic pathway which leads to a low a3C
Isotope analysis
Breath samples were collected in evacuated, air tight glass tubes (Europa Scientific Inc., Crewe, UK). Breath 13CO2 isotope enrichment was determined by CF-IRMS on a Roboprep G/Tracermass (Europa Scientific Inc.).
13CO2 enrichment from day 1 to 5 was expressed in atom percent excess as: 13CO2 enrichment (day 1-5) = Breath 13CO2 (day 1-5) -Breath 13CO2 (day 0).
Abundance of ~3C in food items was determined by combustion and CF-IRMS on a Roboprep CNfrracermass (Europa Scientific Inc.). 13C abundance of the carbohydrate containing food items used in this study is shown in Table 1 . These food items contain 78 to 100% carbohydrate, and it was assumed that 13C abundance of carbohydrate was identical with 13C abundance of the whole food items.
Dietary ~3C carbohydrate enrichment was calculated from the la C abundance of individual food items, and was expressed in atom percent excess as:
Diet composition was calculated in order to obtain an overall 13C carbohydrate enrichment of 0.010 atom percent excess.
Fasting plasma 13C glucose enrichment was determined in nine subjects as described [19] . Briefly, plasma samples were deproteinized with perchloric acid (3 % final), neutralized with K2CO 3 and partially purified over sequential cation/anion exchanger resins. The neutral fraction obtained was evaporated to dryness, resuspended in 140 111 H20, and plasma glucose was purified by HPLC on an Aminex HPX 87-C column (Bio-Rad, Richmond, Calif., USA), eluted with H20 at a flow rate of 0.6 ml/min and at a temperature of 80~ [19] . With this procedure, glucose elutes between 12 and 13.5 rain, fructose between 14 and 15.5 min, and glycerol between 18 and 19 min. Purified glucose was evaporated to dryness, resuspended with 20 111 H20 and its ~3C abundance was analysed by combustion and CF-IRMS. Plasma ~3C glucose enrichment was determined by means of a standard curve of U-13C glucose diluted with plasma glucose to correct for minor day-to-day variations of the analytical equipment, and was expressed in atom percent excess.
Plasma a3C protein enrichment was measured by combustion and CF-IRMS of plasma protein precipitated with 90 % ammonium sulphate. VLDL were obtained by ultracentrifugation of plasma at 45,000 rev/min for 18 h at 4 ~ A 5 I.tl aliquot of the supernatant VLDL was combusted and its 13C enrichment was measured by CF-IRMS.
Calculations
Measurement of respiratory gas exchanges and urinary nitrogen excretion rate allows the calculation of net substrate oxidation rates (indirect calorimetry) [16, 18] as follows:
Net protein oxidation (rag/rain) = 6.25. N where N is urinary nitrogen excretion in mg/min.
Since oxidation of 6.25 mg protein (corresponding to 1 mg N) requires 6.31 ml 02 and produces 5.27 ml CO2, non-protein oxygen comsumption (NPVO2), non-protein carbon dioxide production (NPVCO2 (ml/min)) and respiratory quotient (NPRQ) can be calculated as: NPVO Net lipid oxidation is calculated, knowing that oxidation of 1 mg lipid requires 2.02 ml O2, as: 1-Fo21cHo ) x NPVO2 Net lipid oxidation (rag/rain) = 2.02
When endogenous glycogen is labelled with 13C but not endogenous lipids or protein, the enrichment in 13C glycogen can be calculated from post-absorptive respiratory gas exchanges, urinary nitrogen excretion, and breath ~3CO2 enrichment according to the following principles.
In basal, post-absorptive conditions, oxidation of ~3C enriched, endogenous glycogen is the sole source for 13CO2 enrich-ment. Moreover, lipogenesis and amino acid synthesis are insignificant, and net CHO oxidation corresponds to oxidation by peripheral tissues of glucose issued from glycogen hydrolysis. The enrichment of glycogen oxidized at rest was assumed to be equal to the enrichment of hepatic glycogen (see discussion), and was further normalized for dietary 13C CHO enrichment.
13C hepatic glycogen enrichment (%) = 13C Glycogen enrichment (atom percent excess) . 100 13C CHO diet enrichment (atom percent excess)
The time required to renew 50% of hepatic glycogen was esti- Fractional gluconeogenesis {GNG(F)] was calculated as:
GNG(F) = Z3C glycogen enrichment -13C plasma glucose enrichment
13C glycogen enrichment
Statistical analysis
All results in the test, figures and tables are expressed as mean + SEM.
Results
Resting VCO2, VO 2 and urinary nitrogen excretion averaged 0.147 _+ 0.004 l/min, 0.178 _+ 0.005 l/min and 5.3 __ 0.2 mg/min, respectively throughout the study period and did not change during the 5 days after the diet had been switched to naturally enriched carbohydrates. Carbohydrate oxidation represented 33 %, fat 49 % and protein 17 % of calories expended at rest.
Hepatic glycogen turnover
Resting, post-absorptive breath 13CO2 increased rapidly when the 13C naturally enriched diet was started, and reached a plateau after 3 days. The 13C enrichment of hepatic glycogen (i. e. of glucose oxidized at rest, assumed to be essentially of hepatic origin) was 103 + 16 % of the 13C enrichment of dietary carbohydrates after 3 days (Fig. 1) . The time required to renew 50% of hepatic glycogen was calculated to be 18.9 + 3.6 h ( Table 2) . aT ~-glycogen refers to the time required to renew 50 % of hepatic glycogen
Fractional gluconeogenesis
Plasma 13C glucose enrichment increased rapidly when the 13C naturally enriched diet was started and reached a plateau after 2 days (Fig. 1) . Plasma x3C glucose enrichment at plateau represented 54.6 + 5. 
Discussion
Indirect calorimetry provides estimates of net substrate oxidation rates. Glucose oxidation determined in the resting, post-absorptive state, is therefore exclusively accounted for by oxidation of endogenous glycogen, since oxidation of glucose formed from glycerol or amino acids gluconeogenesis will be computed as fat and protein oxidation, respectively [21] . This allows the 13C enrichment of previously labelled glycogen to be specifically determined using indirect calorimetry and breath 13CO2 measurement. In this study, the measured 13C enrichment of glycogen at rest observed to be equivalent to the 13C enrichment of dietary carbohydrates 2 days after starting a diet which provided naturally enriched 13C carbohydrates. Glucose oxidized at rest was considered to be essentially of hepatic origin. The observation that muscle metabolism accounts for approximately 20 % of the resting metabolic rate [22] , and resting muscle oxidizes a mixture of fat and glycogen supports this assumption [23] . Thus, in the postabsorptive state, the contribution of muscle glycogen to carbohydrate oxidation can be estimated to be insignificant.
The calculation used to determine the 13C enrichment of hepatic glycogen assumes that protein and fat oxidized at rest have a 13C abundance identical to breath CO2 before administration of naturally 13C enriched carbohydrates. The 13C content of endogenous lipids and proteins was assessed from analysis of plasma proteins and VLDL, and was found to be similar to the basal breath CO2. The administration of naturally enriched 13C carbohydrate such as corn and millet was accompanied by the absorption of a certain amount of corn and millet proteins, which were also 13C enriched.
13, The amount of C enriched proteins administered with the diet was however very small (less than 7 % of total dietary proteins). In addition, due to the short duration of this protocol, amino acids from 13C enriched proteins can be assumed to be diluted in a very large pool of endogenous amino acids and proteins, and were therefore not included in our analysis. In addition, the observation that plasma proteins and VLDL were not enriched with 13C during the 5-day study corroborates that neither exogenous labelled proteins nor labelled lipids interfered with the ~3CO2 enrichment.
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The 13C enrichment of glycogen oxidized at rest was found to be identical to the 13C enrichment of dietary carbohydrate after a 3-day diet which provided carbohydrate naturally enriched in 13C, indicating that hepatic glycogen had been almost completely renewed during this time period.
The kinetics of enrichment of hepatic glycogen over time indicated that 50 % of the hepatic glycogen pool had been replaced after approximately 18 h. A relatively large range of individual results is observed. This may be due to the low enrichment in 13C of naturally enriched foods, giving a relatively large noise-to-response ratio in the determination of breath ~3CO2. Obviously this may be improved by using artificially enriched carbohydrates. Using magnetic resonance spectroscopy in vivo, hepatic glycogen content of normal post-absorptive humans has been reported to be approximately 70 g [2] . The turnover of hepatic glycogen in these healthy, moderately active non-obese women can thus be estimated to be about 47 g per day since hepatic glycogen content remains constant from day-to-day when the diet composition is stable. With an average carbohydrate intake of 250 g, hepatic glycogen synthesis represented about 20% of exogenous carbohydrate disposal.
Glycogen storage in skeletal muscle has been reported to account for nearly 100 % of non-oxidative glucose disposal during intravenous administration of glucose and insulin in humans [24] . The situation is different after oral feeding when higher portal glucose/insulin concentrations may favour hepatic glycogen deposition. Using a dual glucose tracer method, hepatic glycogen synthesis was found to account for 25-30 % of the disposal of an oral glucose load while glucose oxidation was the major metabolic pathway of ingested glucose in skeletal muscle [10] . The degree of physical activity, the type of diet and the feeding schedule may all affect hepatic glycogen kinetics.
The 13C enrichment of plasma glucose was found to be 49.2 + 5.5 % of the enrichment of hepatic glycogen at rest. Since 13C plasma glucose enrichment differed significantly from both hepatic glycogen enrichment and dietary 13C carbohydrate enrichment, a substantial portion of plasma glucose carbons did not originate from dietary carbohydrates or hepatic glycogenolysis. The difference observed between enrichment of hepatic glycogen and of plasma glucose suggests that approximately 50 % of the glucose endogenously released into the systemic circulation originates from gluconeogenesis from unlabelled amino acids or glycerol. Part of gluconeogenesis corresponds to the Cori and glucosealanine cycles, in which plasma glucose is taken up by peripheral tissues to be released as lactate or alanine which have the same enrichment as plasma glucose. Subsequent conversion of these labelled compounds into glucose will therefore not be accounted for by this calculation. Such a cycling between plasma glucose and three carbon compounds has been reported to repre-sent 12-20 % of total glucose production in healthy humans [25] but may be increased two-fold in NIDDM patients [26] . Plasma lactate may also originate from hydrolysis of muscle glycogen, and its conversion into glucose will be measured as glycogenolysis with the present method if muscle and hepatic glycogen enrichment are identical. The muscle glycogen pool is however larger and its turnover may be slower than hepatic glycogen, and further studies are required to assess the kinetics of glycogen in muscle under similar conditions. This estimate of fractional gluconeogenesis of 50 % in healthy subjects is substantially higher than those reported during infusion of labelled acetate or bicarbonate [27, 28] . This may be due to the fact that the latter technique only reflects gluconeogenesis from lactate/pyruvate, or phosphoenolpyruvate substrates, but fails to detect gluconeogenesis originating from glycerol or some amino acid substrates. The percentage is consistent with a recent report [29] which showed that up to 70 % of hepatic glucose production could be attributed to hepatic gluconeogenesis during a 24-h fast in healthy human subjects.
In conclusion, we report a simple method with which 1) hepatic glycogen kinetics and 2) fractional gluconeogenesis can be determined non-invasively in humans. The results obtained in a group of 10 healthy lean women indicate that the time required to renew 50 % of hepatic glycogen is approximately 18 h; consequently, it can be estimated that 20 % of dietary carbohydrate may be temporarily stored as hepatic glycogen during a 24-h period under normal living conditions. Thus, hepatic glycogen kinetics may play an important role in determining insulin sensitivity and glucose tolerance in humans. Fractional gluconeogenesis was found to be close to 50 % indicating that half of the glucose released into the circulation originates from gluconeogenesis. This estimate does not include however the cycling between plasma glucose and three carbon compounds.
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